Abstract. First principle calculations were performed on the electronic and magnetic structures of the transition metals doped GaN. Seven elements in 3d transition metals from V to Cu were used as a dopant. Magnetic phase was stable compared to non-magnetic phase for all transition metals doped GaN. Total magnetic moments followed Hund's rule to maximize the magnetic moment. Transition element projected magnetic moments showed that most of magnetic moments were concentrated on transition metals in the cases of V, Cr, and Mn doped GaN, which could not be used for DMS. Since Fe and Ni doped GaNs are intrinsic insulators, Fe and Ni doped GaNs could not be used for DMS materials unless additional dopants are introduced. The most probable candidates for DMS applications were predicted to be Co or Cu doped GaNs, respectively.
Introduction
Since Dietl et al. [1] have proposed that the possibility of ferromagnetism of GaMnN above room temperature, many research efforts based on first principle calculations have been focused on the material to understand the mechanism of ferromagnetism and predict a possibility for spintronics applications. Kronik et al. [2] calculated magnetic moment of Mn doped GaN and discussed the possibility of spin polarized transport if the material would follow the Dietl's model. Van Shilfgaarde and Mryasov [3] calculated energetics and magnetic properties from single to several number of Mn impurity and concluded that Mn related cluster is energetically favorable and the magnetism is originated from a Mn cluster not single Mn impurity. Sato et al. [4] proposed that ferromagnetic behavior is dominated by short ranged double exchange mechanism when transition element forms random alloy. Schulthess et al. [5] predicted that GaMnN is a charge transfer type insulator and the Curie temperature is much lower than room temperature. Putting together the calculation results concerning about ferromagnetism of GaMnN, we can conclude that GaMnN cannot be used for diluted magnetic semiconductor because the material doesn't follow the carrier mediated ferromagnetism proposed by Dietl et al.'s and tends to form a nanocluster with undetectable size.
Though Mn impurity cannot be used in GaN host, the possibility of other 3d transition metal has not been cleared. Sato et al. [4] calculated that the electronic and magnetic structure of 3d transition metal doped GaN based on Korringa-Kohn-Rostoker (KKR) method combined with the coherent potential approximation (CPA). They predicted that the ferromagnetic phase of V, Cr, and Mn doped GaN was stable. However their prediction has not been confirmed by experiments. [6] While Sato et al.'s [4] calculation was focused on the mechanism of magnetic interaction between transition metal ions, this study treated the feasibility of DMSs with different point of view. Though the ferromagnetism of transition metal doped GaN is an important property that should be achieved, more important aspect, however, is the magnetic material should create delocalized carriers that are injected and manipulated in spintronic devices. When designing a material for spintronics application, one should take into account the possibility of forming spin polarized carriers induced by doped transition metal ions. This study attempts to guide a design rule for a candidate material concerning about practical application.
Calculation Method
All the calculations was performed using the plane-wave basis code, the Vienna Ab-initio Simulation Package (VASP) [7, 8] , based on density-functional theory and using ultrasoft pseudopotentials. [9] The generalized gradient approximation (GGA) parametrized by Perdew and Wang [10] was used for the exchange-correlation potential. To enhance the magnetic moment and magnetic energies, the interpolation formula proposed by Vosko, Wilk and Nusair [11] was used. Ga 3d state was treated as a semi-core state. To obtain accurate total energy within a few meV of a convergence error, the energy cutoff was up to 800 eV and a 8x8x8 Monkhorst-Pack special k-points mesh was used for the integration of Brillouin-zone. The geometry was fully relaxed using Hellman-Feynman force and total energy.
The zinc blende structure of GaN was used and assumed that the same results also hold for the wurtzite structure. The calculated lattice parameter of the zinc blende GaN was 4.533 W, which is only 0.7 % larger than that of experimental parameter of 4.5 W.
[12] The periodic supercell approach having 64 atoms was used. Transition metal elements were assumed to occupy Ga site, which corresponds to 3.125 at% concentration of transition element. Transition metals used were V, Cr, Mn, Fe, Co, Ni, and Cu.
Results and Discussion
Total and Local Magnetic Moment Fig. 1 shows the calculated total and atom projected magnetic moments when 3.125% of transition metals are doped in GaN, which corresponds to single substitutional impurity within 64-atom GaN hose. Blue squares and red circles correspond to the total and the transition atom projected magnetic moments, respectively. As can be seen from the Fig. 1 , total magnetic moments show integer values, which implies that the materials can be half metallic. That is, only one spin component contributes to the density of state at Fermi level. In addition it is also clear that the changes of the total magnetic moments follow Hund's rule. µ , which is consistent with other ab-initio calculations. [5, [13] [14] [15] It is interesting that Cu also exhibit magnetic moment though it has not been known to show magnetic moment in nitrogen tetrahedral environment.
While changes of total magnetic moment follow Hund's rule, atom projected magnetic moments of transition elements behave differently. Atom-projected-magnetic-moments from V to Mn are very Density of States Total and transition metal projected density of states (DOS) of Fe, Co, Ni, and Cu doped GaNs are shown in Fig. 2 . Black and red solid lines correspond to total and transition metal d projected DOS, respectively. When d-orbitals of transition metal ion are surrounded tetrahedral environment, the d-orbitals are divided into two separate states, t 2g and e g state by crystal field splitting and the energy of e g state is lower than t 2g state due to reduce Coulomb interaction. As mentioned before, five valence electrons contribute to the total magnetic moment and occupy five majority spin state. Due to large p-d exchange interaction a gap was formed between spin up and down states, GaFeN is an intrinsic insulator. To use this material for DMS application, another dopant should be introduced. In the case of cobalt, five electrons occupy majority state one for minority state. One minority electron occupies e g state, which has two degenerate states. Fig. 2(b) shows the DOSs of GaCoN. Fermi level locates on minority e g state and half metallic character was predicted. This material can be used for DMS application. When one more electron is added, which corresponds to the case of Ni that is shown in Fig. 2(c) , the e g state is fully occupied with two electrons. Due to crystal field splitting there is a gap between t 2g and e g state, GaNiN is an insulator again. In the case of Cu, Solid State Phenomena Vols. 124-126 849 additional electron occupies empty t 2g state and half metallic behavior appears again. It should be noted that in the case of GaZnN, which is not shown in Fig. 2 , ferromagnetic phase was not a stable phase. The stable magnetic solution was only observed from V to Cu.
Conclusion
First principle calculations have been performed on the electronic and magnetic structure of 3d transition metals doped GaN. V, Cr, and Mn doped GaNs were not appropriate for DMSs since most of magnetic moments were concentrated on the transition metal elements and the probable mechanism for these element might be the short-ranged double exchange. Since Fe and Ni doped GaNs are intrinsic insulators due to the crystal field splitting and the exchange splitting of d-like bands in tetrahedral environment, Fe and Ni doped GaNs could not be used for DMS materials unless additional dopants are introduced. From the consideration of the degree of localization and half metallic behavior, Co and Cu doped GaNs are the most probable candidate for DMS materials. Further research will be followed to study the feasibility of those materials in detail.
